Stable isotope profiles of fossil freshwater bivalve shells and mammal teeth provide a record of the seasonal ␦ 18 O variation in surface waters of the Himalayan foreland over the past 11 m.y. Between 3.1 and 10.7 Ma the ␦ 18 O of surface waters approached or exceeded 0‰ standard mean ocean water (SMOW) in the dry season. Since 9.5 Ma the magnitude of seasonal variability in ␦ 18 O has remained essentially unchanged. Both observations imply that the Tibetan Plateau had attained sufficient elevation and area prior to 10.7 Ma to support a strong Asian monsoon. These data also imply that the ␦ 18 O of wet-season rainfall was significantly more negative (؊9.5‰ SMOW) prior to 7.5 Ma than after (؊6.5‰ SMOW). If this change is attributable to a lessening of the amount effect in rainfall, this agrees with floral and soil geochemical data that indicate increasing aridity beginning at 7.5 Ma.
INTRODUCTION
The Tibetan Plateau is the engine that drives the modern Asian monsoon by generating a high-altitude region of low pressure in the summer as the plateau heats, and a region of high pressure in the winter as the plateau cools (Hastenrath, 1991) . During the summer, warm air rises from the plateau, pulling moist air off the ocean, across the Indian subcontinent, and into the highlands; this results in heavy summer rainfall on the subcontinent. The opposite occurs in the winter, resulting in cold dry air spilling off the plateau and effectively excluding rain from the subcontinent. Thus, the presence of a strong wet-season-dryseason alternation implies the presence of a plateau broad and high enough to drive the monsoon.
The timing of the uplift of the plateau remains a matter of considerable debate because there are few direct indicators of paleotopography in the geologic record. Consequently, past workers in Tibet, relying on indirect indicators of uplift, have proposed dates ranging from 40 to 3.4 Ma, on the basis of initiation of potassic volcanism (Chung et al., 1998; Turner et al., 1993) or extension on the plateau Coleman and Hodges, 1995) , changes in marine sedimentation rates (Burbank et al., 1993) , sediment types (Rea et al., 1998) , or biota (Nigrini and Caulet, 1992; Kroon et al., 1991) , and changes in stable carbon isotope and palynological patterns on the Indian subcontinent (Quade et al., 1989; Chen, 1981) . Although different areas of the plateau may have risen at different times, many workers have inferred rapid simultaneous uplift of large areas of the plateau at 7-8 Ma by a process such as lithospheric delamination (Molnar et al., 1993) . This inference was based on the following approximately coeval phenomena: a major change in plant communities of the Indian subcontinent (Quade et al., 1989) , and shifts in marine upwelling patterns that are linked to an intense monsoon (Kroon et al., 1991) . Although there is strong evidence for significant climate change at 7-8 Ma, it is unclear whether this is the onset of the monsoon. The floral transition seems to have been a global rather than local phenomenon (Cerling et al., 1997) and monsoonally driven upwelling may have already been present by 10-12 Ma (Nigrini and Caulet, 1992; Kroon et al., 1991) .
Because there is an intimate association between the intense seasonality of the modern monsoon and a high Tibetan Plateau and because evaporation can be unambiguously recognized in the ␦ 18 O of water bodies (when ␦ 18 O values approach 0‰ standard mean ocean water [SMOW]), we looked for evidence of prolonged dry-season evaporation in the oxygen isotope composition of fossil bivalves and teeth. The record reconstructed here shows the presence of a wet-dry seasonality throughout the past 11 m.y. and sheds some light on the changing nature of the monsoon.
MATERIALS AND METHODS
Samples were obtained from Siwalik Group sediments, which were deposited during the Neogene by large south-flowing rivers tributary to the Ganges and Indus. The fossil bivalves used in this work are unionids (Parreysia sp. and Lamelledens sp., Takayasu et al., 1995) from fluvial and flood-plain deposits of the middle Siwaliks in Nepal . Only pristine aragonitic shell material was analyzed. Fossil Equidae and Rhinocerotidae teeth come from fluvial deposits in Pakistan and have been used previously in paleodietary reconstructions (Quade et al., 1992) . A bovid tooth from a late Holocene site was also analyzed. Paleomagnetic dating (DeCelles et al., 1998; Harrison et al., 1993; provides age control on all fossils, which cover the past 10.7 m.y.
New techniques allow the resolution of ␦ 18 O records on a monthly or finer scale in materials that are many millions of years old. In bivalve shells, micromilling was used to sequentially separate growth increments as thin as 20 m across. This allowed us to resolve annual cycles in thin shelled bivalves 1 and to replicate maximum and minimum ␦ 18 O and ␦ 13 C values in many of our shells (Fig. 1) . We subsampled tooth enamel from crown to root using standard dental drills; because these teeth form in Ͻ1 yr, this yielded seasonal resolution. Samples were prepared using a modification of the method of O'Neil et al. (1994) . In the O'Neil et al. technique the phosphate analyzed is precipitated slowly from solution as Ag 3 PO 4 . We instead adjusted pH so as to precipitate the Ag 3 PO 4 rapidly (see footnote 1). Standard compositions are within 1‰ of previously reported values, which have an interlaboratory variability of ϳ1‰, and reproducibilities are ϳϮ0.2‰.
SEASONAL CHANGES IN THE ␦ 18 O OF SURFACE WATERS
Microsampling of shells allows us to document the seasonal ␦ 18 O cycle from 11 different stratigraphic levels in Nepal (Fig. 2) . The tem- perature-dependant oxygen isotope fractionation between molluscan aragonite and water (Dettman et al., 1999 ) is used here to interpret these ␦ 18 O cycles. Because the oxygen isotope composition of unionid shell is controlled by the temperature and ␦ 18 O of the water in which it grew, temperatures must be estimated in order to calculate the ␦ 18 O of the water. The maximum shell ␦ 18 O value is assumed to have precipitated during the dry season, when cooler temperatures, drier conditions, and more positive ␦ 18 O values for river water and rainfall occur (Fig. 3) . The most negative ␦ 18 O values are assumed to reflect wetseason conditions, where the inverse of the above drives shell ␦ 18 O to more negative values. Although the choice of a monsoon seasonal relationship for this calculation may seem to lead to circular reasoning, i.e., looking for monsoon indicators assuming monsoon seasonal structure, this temperature relationship returns the smallest difference in ␦ 18 O values between the seasons. This choice of seasons merely provides the most conservative (i.e., the most negative) estimate of the ␦ 18 O value of surface water in the dry season (Fig. 2) . If we assumed a warmer temperature associated with the most positive shell ␦ 18 O value, the ␦ 18 O value calculated for water in the dry season would be more positive, implying greater evaporation.
Seasonal paleotemperature ranges for Nepal are roughly determinable from equivalent modern floral assemblages. Temperature estimates show decreased seasonal temperature ranges in the older interval Awashi and Prasad, 1989; Sarkar, 1989) . Back to 4.5 Ma floral composition is very similar to the modern undisturbed Ganges River flood plain, so we assume a temperature range characteristic of New Delhi, 14-34 ЊC. From 6 to 8 Ma the flora is similar to that in Patna, India, where temperatures range from 17 to 32 ЊC, and prior to 9 Ma floras are similar to Mandalay, Burma, where temperatures range from 20-32 ЊC. Note that the accuracy of the temperature estimate is not very important for an accurate estimate of water ␦ 18 O values; a 5 ЊC error in paleotemperature results in an error of only 1‰ in calculated water ␦ 18 O (Dettman et al., 1999) .
Estimated ␦ 18 O values for dry-season waters approach or exceed 0‰ SMOW between 10.7 and 3.1 Ma (Fig. 2B) . Because the ␦ 18 O of modern rivers and large-volume rains is in the Ϫ4‰ to Ϫ14‰ range, evaporation must be invoked to explain ␦ 18 O values approaching 0‰ (Fig. 3) . Although rains with positive ␦ 18 O values occur, they are usu- ally Ͻ20 mm in a month, never make up a significant proportion of the total annual amounts, and only occur under highly arid conditions. Thus, the high ␦ 18 O values imply a season in which these bodies of water evaporate and are not recharged by rainfall or rivers. Reconstructed ␦ 18 O values for wet season waters in our youngest set of bivalves (3.1-4.5 Ma) average Ϫ6.5‰ (Fig. 2B ). This corresponds well with modern wet season ␦ 18 O values for rainfall in New Delhi, which averaged Ϫ5.7‰ between 1961 and 1991 ( Fig. 3 ; International Atomic Energy Agency-World Meteorological Organization, 1998). The bodies of water in which the molluscs lived were most likely recharged during wet-season flooding and then became isolated from the river channel as waters receded. During the dry season, the ␦ 18 O value of these water bodies increased, primarily due to evaporation.
A few samples were collected from environments in which waters had dry-season ␦ 18 O values as low as Ϫ5‰ SMOW. These bodies of water may have remained in contact with the main river channel throughout the growth of the shells sampled. Modern rivers in the monsoon environment do not have positive ␦ 18 O values even in the dry season (Fig. 3) , probably due to contributions from groundwater buffering. Thus flood-plain marshes may not always show large excursions to positive ␦ 18 O values under arid conditions. In contrast, ␦ 18 O values near or above 0‰ SMOW indicate significant evaporation during a long dry season, and therefore the presence of a strong monsoon.
Strong seasonality prior to 8 Ma is also supported by the variation in the ␦ 18 O of Siwalik mammal teeth. A major advantage of analysis of mammal tooth enamel is that it is precipitated at an essentially constant temperature, so, unlike the clam data, temperature corrections are unnecessary. However, because the ␦ 18 O value of teeth reflects the isotopic composition of both ingested water and plants and is affected by animal physiology, it is an indirect measure of the ␦ 18 O of surface water (Kohn, 1996) . Nonetheless, the youngest samples have maximum ␦ 18 O values of ϳϩ25‰ (Fig. 4A) , and compilations of the worldwide phosphate data set indicate that these occur where surface-water ␦ 18 O values approach or exceed 0‰ . In continental interiors, such high ␦ 18 O values ordinarily are linked to aridity. Prior to 8 Ma, maximum ␦ 18 O values are lower, for reasons that are discussed in the following. Because the individual herbivore teeth probably formed over a period of Ͻ1 yr , the full seasonal ␦ 18 O record was resolved by combining ␦ 18 O zoning profiles from several teeth into a single composite. The 5.2‰ range in tooth ␦ 18 O at 9.5 Ma is similar to that for the single late Holocene tooth (4.6‰) and to the combined data for 3 Ma or younger (5.6‰). Therefore, similar seasonal variation, ϳ5‰, is seen in both the youngest samples and as long ago as 9.5 Ma. Considering the clam and tooth data together, we infer that strong wet-dry seasonality, i.e., the monsoon, was present as long ago as 10.7 Ma. This further implies that the Tibetan Plateau must have been sufficiently broad and high by 10.7 Ma to drive the monsoon.
CHANGE IN MONSOON STYLE AT 7.5 MA?
In addition to the strong seasonal signal in ␦ 18 O presented herein, our records show a shift to more positive ␦ 18 O values beginning in the late Miocene (Fig. 4, A and B) . This shift is also seen in another geochemical record tied to the ␦ 18 O of surface waters, soil carbonates (Fig. 4C) . Because the change is gradual in some records, it is most apparent when oxygen isotope values are compared for samples prior to 7.5 Ma and after 3 Ma (Table 1 ). The average ␦ 18 O values of river waters during the wet season calculated from our bivalve data (Fig. 2) show a change at 7.5 Ma from Ϫ9.6‰ to Ϫ6.5‰ SMOW (t-test; p ϭ 0.02). This is probably the best estimate of the ␦ 18 O of river waters because we are comparing the same season of the year for each sample. The larger shift seen in the tooth data probably reflects a combination of change in the ␦ 18 O of meteoric water and the difference in the ␦ 18 O of plant tissue and plant water between the pre-7.5 Ma diet of C 3 plants and the post-7 Ma diet of C 4 plants (Sternberg et al., 1984) . Shell and tooth data demonstrate that the change seen in the ␦ 18 O of soil carbonate is due to changes in the isotopic composition of rainfall in this region.
Our principal conclusion, that the monsoon was active by 10.7 Ma, agrees well with evidence for the onset of monsoon-related upwelling in the Indian Ocean by 10-12 Ma (Nigrini and Caulet, 1992; Kroon et al., 1991) and with evidence of very negative ␦ 18 O values for freshwater in the Thakkhola graben from 10 Ma to the present, attributed to high elevation (Garzione et al., 2000) . However, there is also strong evidence for a major change in the character of the regional climate at 7-8 Ma in marine records (Burbank et al., 1993; Rea et al., 1998) and in the ␦ 18 O of soil carbonate (Quade and Cerling, 1995; . Our data show that a significant change in the ␦ 18 O of wet-season waters occurred beginning ca. 7.5 Ma, and this provides a clue about the nature of this change. Although there are no paleotemperature records for the plateau surface, at 10 Ma the plateau may have been warmer than today. A hotter summer plateau could create a lower pressure zone and cause a greater draw of wet air off the Indian Ocean, intensifying wet-season precipitation.
This may explain why the ␦ 18 O of Himalayan river water was so negative in the older part of this record. In warm low-latitude, lowaltitude environments, rainfall with ␦ 18 O values of Ϫ10‰ SMOW is very unusual. Values this negative are only achieved in seasons of very large amounts of rainfall (the amount effect) (Rozanski et al., 1993) . Wet season ␦ 18 O values of Ϫ9‰ to Ϫ10 ‰ SMOW imply rainfall of greater intensity than the current wet season. The 2‰-5‰ increase in ␦ 18 O values of bivalves, soil carbonates, and mammal fossils starting ca. 7.5 Ma may simply reflect an overall decrease in the amount effect. A dryer landscape is also clearly indicated by the changing nature of paleosols in Pakistan and Nepal Quade and Cerling, 1995) , and by the shift from evergreen to semideciduous tropical forest in Nepal Awashi and Prasad, 1989) . Drying and spread of C 4 grasslands could also increase flood-plain stability, and explain the reduction in sedimentation rates on the Bengal Fan ca. 8 Ma and the shift in clay mineralogy observed at 7 Ma Burbank et al., 1993) . Thus, the expansion of C 4 grasslands at the expense of forest beginning 8-7 Ma in the region is most likely related to a change in the character of the Asian monsoon, leading to an increase in aridity. However, our evidence from bivalves and teeth shows that an intense monsoon and high plateau must have been present at least 4 m.y. prior to this change.
